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The inactivation of E. coli K12 (ATCC 27325) and the changes in protein content
and protein oxidation during the photocatalytic inactivation with titanium oxide, Degussa
P25, was investigated under long wavelength U’! (365 nm) light. The bacterial
suspensions were challenged with UV light (365 nm) for 0, 15, 30, and 60 mm, samples
collected serially diluted, plated, incubated and enumerated to determine rate of
inactivation. The protein was recovered from these bacterial suspensions by
centrifugation and the protein content determined by the Lower method and the extent of
oxidation determined by treatment with 2,4-dinitorphenyihydrazien and measuring the
absorbance at 427 nm. The recovered proteins were also characterized by sodium
dodecyl sulfate poly acrylamide gel electrophoresis (SDA PAGE) and Western Blotting.
The decrease in protein content and degree of protein oxidation was found to parallel cell
inactivation.
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INTRODUCTION and LITERATURE REVIEW
1. Introduction
Semiconductor photocatalysis is an advanced physiochemical process that has
been developed to remove of hazardous chemicals from water. Titanium dioxide, Ti02,
is the semiconductor photocatalyst that has been most widely used in remediation of
environmental hazards and inactivation of microorganism. Ti02 has also been used for
odor control, photosplitting of water to produce hydrogen gas, and clean up of oil spills.
The goal of this research was to determine the mechanism of photocatalytic
antibacterial activity of Ti02 under long wave UV light. The main focus was to
determine the major oxidative damage to proteins of Escherichia coil (E. coli) when
treated with Ti02 under long UV light.
1.1 E. coli K12
E. coli is a Gram negative, facultative, anaerobic, nonsporeforming, rod-shaped
bacteria.’ E. coli cells are about 1.1 to 1.5 ~im wide by 2.0 to 6.0 jim long and grow in
the presence or absence of oxygen with the metabolism being either respiratory or
fermentative, respectively.2’3 Major changes in the cellular protein composition result
from the transition from aerobic to anaerobic metabolism.4
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The proteome of E. coli contains 4,285 proteins, with p1 values ranging from 3.38
to 13.0, and molecular masses between 1.59 to 248 kDa.58 Further characterization of
the proteins has show that 2,885 proteins are distributed in four subcellular
compartments, cytosol, the inner membrane, the outer membrane, and the periplasm that
separates the two membranes.5’9
1.2 Effects of Oxidative Stress on the Proteins of E. coli
Oxidative stress is caused by certain environmental agents such as near TJV light,
ionizing radiation, and compounds that generate intracellular oxygen. Oxidative stress
comes about when the concentration of active oxygen increases to a level that exceeds the
cell’s defense capacity. Oxidative damage is also caused by hydroxyl radicals produced
from H202 by the Fenton reaction, which requires iron and a source of reducing
equivalents. ~
H2O2+Fe2~+H~—* OW +H2O+Fe3~ Eq 1.
Proteins that are exposed to reactive oxygen species (ROS) undergo modifications
of the amino acid sides altering the protein structure, thus disturbing cellular metabolism.
The main protein modifications that have been reported are loss of catalytic activity,
carbonyl group formation, increase in acidity, amino acid modifications, change in
viscosity, decrease in thermal stability, fragmentation, change in fluorescence, formation
of protein-protein cross-links, formation of S-S bridges, and increased susceptibility to
proteolysis.’° E coli has two regulons that respond to oxidative stress, oxyR and soxRS.
The oxyR gene controls the response to hydrogen peroxide stress and the soxRS controls
the response to superoxide generating agents.’°’2 OxyR regulates genes involved in the
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cellular resistance to oxidative agents. The soxRS regulon has ten genes that effect the
expression of major outer membrane proteins.’0 Disulfide stress is a reversible oxidative
mechanism in which disulfide bonds are formed in the proteins of the cytosol.’°’2
1.3 Semiconductor Photocatalysis, Titanium Dioxide
Degussa P25 (Ti02) powder, has become the standard material for photocatalytic
oxidation, is a mixed phase material composed of 25% rutile and 75% anatase with a
surface area of 49.0 m2/g. It has been proposed that anatase particles with a large surface
area are efficient for the photocatalytic decomposition of pollutants in water. Rutile
particles with a small surface area have also been shown to be effective catalyst for the
photocatalytic splitting of water. 13,14 A small number of reports of the application of
Ti02 to the photocatalytic inactivation of microorganisms including viruses, fungi, and
bacteria have appeared to date.’5”6 Photolysis of Ti02 in water generates a valence bond
hole (h~~b), which is exceedingly oxidizing and a conduction band electron (eeb) pair,
which can react with water and dissolved oxygen to give reactive oxygen species (ROS)
including OH radicals and 02. ‘~“~
1.4 Photocatalytic Inactivation of E. coli by Ti02
The photocatalytic inactivation of E. coli and MS2 has been reported with
DegussaP25 at0.l to 1.Omg/mLand 1.Ox 103—5.Ox 1O8CFU/mLandPFU/mL,
respectively.’7 It has been reported that in the presence of 0.1 mg/mL of Ti02 in water
under UV light for 30 min, 92 to 98% of the E. colt were inactivated. When the cell
concentration was 108 CFU/mL, the low dose of Ti02 was ineffective in inactivating the
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bacteria. When Ti02 was increased to 0.5 or 1.0 mg!mL there was significant bacterial
photocatalytic inactivation. However, when the Ti02 concentration was increased to
more than 1.0 mglmL a decrease in inactivation activity was observed. The authors
reported that this was due to the shading of the cells by the Ti02 particles.’7 Cho et al
reported that the photocatalytic treatment of E. coli with Ti02 caused lipid peroxidation
which resulted in disintegration of the cell wall and loss of cellular function.’7”8
1.5 Response of E. coli to Oxidative Stress by Cl2 and H202
Tamarit et al investigated the affect of hydrogen peroxide on E. coli under
anaerobic conditions.’2 It has been shown that treatment of E. coil with hydrogen
peroxide affects proteins involved in glucose catabolism (alcohol dehydrogenase E and
enolase), changes in chaperone function (DNA K), protein synthesis (EF-G), and an outer
membrane protein (OMP A). There was a 5-10 fold increase in the carbonyl content with
respect to the control values for unoxidized proteins. The enzyme alcohol dehydrogenase
E and enolase decreased after 1 h of treatment with hydrogen peroxide. After performing
Western Blotting, the major bands observed at 38 kDa and 42 kDa, corresponding to
OMP C and EF-Tu, were not active with anti-DNP immunoassay, which indicated that
those proteins were resistant to oxidation by hydrogen peroxide. The carbonyl content of
the proteins increased 1.5 times more upon treatment under aerobic conditions than under
anaerobic conditions. Upon SDS PAGE a prominent band was observed at 50 kDa under
aerobic conditions that was not found under anaerobic conditions. This band was
identified as the 13-subunit of F0F,-ATPase.’°”2 Another group reported that H202 causes
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direct oxidative action onE. coli and also enhances the sensitivity of the bacteria to
sunlight. Light was also found to make the bacteria fragile and more prone to oxidative
stress by H202.’2”9
The affect of NaC1 on the photodegradation of micro organism and chemicals
with Ti02 was studied by Rincon et al.’9 They showed the efficiency of
photodegradation decrease when the NaC1 concentration was increased from 0.02 to 0.10
mmoIfL. Abdullah et al proposed two possible mechanisms for the reduction in
photocatalytic activity of Ti02 with increasing chloride ion concentration. One was the
scavenging of the oxidizing radical species by the chloride anion. The other proposes




Escherchia coli K12 (ATCC 27325) was purchased from American Type Culture
Collection. LB broth, R2A, phenylmethanesulfOflYifluoride, sodium chloride, 2,4-
dinitro-phenyihydrazifle, trichioroacetic acid, hydrochloric acid, ethanol, ethyl acetate,
guanidine, potassium phosphate, trifluoroacetic acid, sodium hydroxide, sodium dodecyl
sulfate, acrylamide, bis-acrylamide, tris base, animonium persulfate,
tetramethylethylenediarnine, Tris chloride, glycerol, bromophenol blue, glycine,
coomassie brilliant blue R250, methanol, glacial acetic acid, phosphate buffer saline, and
Tween were purchased from Fischer Scientific (Pittsburg, PA). DC protein assay kit,
mini protean tetra cell, precision plus protein standard, and semidry system were
purchased from Bio-Rad Laboratories (Hercules, CA). Anti-DNP antibody and goat anti
rabbit with HRP was purchased from Sigma-Aldrich (Saint Louis, MO). Amersham ECL
advance western blotting detection kit, hyperfilm ECL autoradiography film, and
hyperfilm ECL autoradiography film cassette were purchased from Amersham
Biosciences/GE Healthcare (Piscataway, NJ).
2.2 Bacterial Culture
Escherchia coli K12 was revived in LB broth prepared from 20.0 g of LB powder
in 1 .OL of water and autoclaved before use. The stock of the bacteria culture was preserved
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in 20% glycerol and stored in -80 °C. The working bacterial culture was prepared by diluting
0.500 rnL from an overnight culture stock into 20.0 mL of LB broth and growing overnight
aerobically. The next day 20.0 mL of this solution was added to 200.0 mL of LB broth and
incubated for another 24 h.
2.3 Photocatalytic Inactivation of E. Coli with Activity of Ti02
2.3.1 Photocatalytic Inactivation of E. Coli with Ti02 and NaC1
The overnight bacterial culture was centrifuged on an Eppendorf Centrifuge
581 OR at 4,000 rpm for 7 miii to give a pellet of cells. The cells were then washed twice
with sterile distilled deionized H20 with centrifuging each time at 4,000 rpm for 7 miii
and then resuspending in H~O. The CFU/mL was estimated by measuring the optical
density of the suspension at 595 nm on a Turner spectrophotometer and comparing to a
standard curve.
A 150 mMNaC1 solution (pH 6.7) was prepared from 8.76 g (150 mmol) of NaC1
in 1.0 L of deionized H20 sterilized by filtration through a 0.4 jim filter. Duplicate petri
dishes were prepared for tests with 8.0 mL of H20, 1.0 mL of E. coli suspensions (~—l.O x
108 CFU), P25 (1.0 mglrnL), and 1.0 mL of 150 mMNaC1 solution. The control
contained 8.0 mL of H20, 1.0 mL of bacteria suspension, and 1.0 mL NaC1. The fmal
concentration of the NaC1 in then solution in the petri dishes was 15 mM and the fmal
bacteria suspension was ‘-4 x i0~ CFU/mL. Half of the petri dishes with and without
Ti02 were treated with UV light (365 nm) and the other half were wrapped in aluminum
foil to keep them in the dark. The experiments were conducted for 0, 15, 30, and 60 mm.
Samples were serially diluted using a series of the tubes containing 90.0 jiL of sterile
distilled deionized H20. A sample of 10.0 p.L of each petri dish was transferred to the
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first tube and then mixed thoroughly before transferring 10.0 ~iL to the next tube, etc.
The diluted samples were plated on R2A agar, prepared by dissolving 18.2 g of R2A
powder in 1.0 L of distilled deionized H20 and boiled for a 1 mm before being
autoclaved. For control experiments, the 1 ~ and 106 dilutions were plated. For test
experiments direct, 102, 1 ~ and 106 dilutions were plated. For the original stock of
bacteria, direct and dilutions of 106, and 1 ~ were plated. The plates were incubated at 37
°C overnight and then counted.
2.3.2 Photocatalytic Inactivation of E. Coli with Ti02 without NaC1
The bacteria for the H20 control experiments were set up in a manner similar that
described above for the experiments with NaC1. Experiments were setup in duplicate in
petri dishes containing 20.0 mL of H20, 5.0 mL of E. coli suspensions (‘—4.0 x i0~
CFUImL) and 5.0 mg/mL of P25. The control contained 20.0 mL of H20 and 5.0 mL of
bacteria suspension. The final bacteria suspension in the petri dishes is 108 CFU/mL.
Petri dishes with pure water and water and P25 were illuminated under DV light, 365 nm.
Another set of petri dishes were protected from the light by wrapping with aluminum foil.
Bacterial samples were collected at different time intervals, 1, 2, 2.15, 2.30, 2.45, and 3 h.
The samples were serially diluted using a series of the tubes as described in 2.3.1 above.
2.4 Protein Extraction
Afler Ti02 photocatalytic treatment E. coli and E. coli/Ti02 suspensions as
described above samples were collected from the plates and added to 50 mL centrifuge
tubes. The E. coli/Ti02 suspensions were centrifuged for 2 mm at 1,000 rpm with a
Centrifuge 5810R to separate the sample from the Ti02. Then both E. coli and E.
coli/Ti02 suspensions were centrifuged with a Beckman Centrifuge Avantl J-E for 40
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mm at 6,100 rpm to prepare a pellet. The supernatant was removed from the pellet and
both supernatant and pellet were stored at -80 °C overnight. After thawing, 100 1iL of a
Lysis buffer (100 mM NaCl, 25 mM Tris HC1) containing 100 jig/rnL of
phenylmethanesUlPhoflYl-fluorlde, PMSF, was added to the pellet and cooled by placing
on on ice. The mixture was sonicated three times for 10 s and then centrifuged for 5 mm
at 13,000 rpm at 4 °C. The supernatant was then separated from the pellet and used for
electrophoresis.
2.5 DC Protein Assay
A Bio-Rad DC protein assay kit, based on the Lowery method, was used to
measure the total protein content of E. coli.’2’21’22 Five solutions of bovine serum
albumin containing 0.09 to 1.44 mg/niL were used to construct a calibration curve for this
assay. The assay was carried out by adding 5.0 jiL of the blank, standards, and samples
into the different wells of a microplate. Working reagent A’ (25.0 ~iL) was added to each
well. Working reagent A’ was prepared by adding 20.0 p.L of reagent S, surfactant, to 1.0
mL of reagent A, alkaline copper tartrate solution. Reagent B, a dilute Folin Reagent,
(200.0 iiL) was added to each well. The absorbance was recorded after 15 mm at 750 nm
on a Spectra Max 340PC. The absorbance was found to be stable for 1 h.
The amount of protein was then calculated as follows: The protein content, as
determined from the absorbance at 750 nm, was multiplied by the volume of loading
buffer added to the pellet. The result was then divided by the CFU of the initial
suspension of bacteria multiplied by the total volume of the test solution. The content
was then converted into g/mL.
10
mg protein/CFU (~otein, mg/mL)*~i.L loading buffer)(CFU/mL)*(total volume) Eq. 2
2.6 TCA Protein Precipitation Protocol
The soluble protein in the supematants collected form experiments described in
section 2.4 above were treated with trichioroacetic (TCA) and incubating for 10 mm at 4
°C. The samples were then centrifuged in a microcentrifuge for 5 mm at 14,000 rpm.
The supematant was removed and the pellet washed with 200.0 ~tL of cold acetone. The
tubes were then centrifuged for 5 mm at 14,000 rpm. The samples were washed again
and centrifuged again for 5 mm at 14,000 rpm. The pellet was then heated to 95 °C for 5
- 10 mm to remove the acetone.23
2.7 Reaction of Recovered Protein with 2,4~DinitropheflYlhYdrazifle
Pellets from section 2.6 above were treated with 500 jiL of 10 mM 0f2,4-DNPH
in 2 M Rd. The samples were incubated at room temperature for 1 h with vortexing
every 15 mm for 10 s, then 500.0 p.1 of 20% TCA was added and the samples were
centrifuged for 3 min in a microcentrifuge at a speed of 11,000 rpm and the supernatant
was discarded. The pellets were then washed 3 times with 1.0 mL of 1:1 ethanol/ethyl
acetate by centrifuging at 11,000 rpm. Each time the supematant was discarded. The
pellets were then resuspended in 0.6 mL of guanidine solution (6.0 M guanidine with
20.0 mM potassium phosphate, adjusted to pH 2.3 with trifluroacetic acid). The samples
were incubated for 15 mm at 37 °C and then centrifuged in the microcentrifuge for 3 mm.
A IJV spectrum was recorded for each sample on a Beckman Coulter TJV/Visible
Spectrophotometer DU against a blank that prepared with 2 M hydrochloric acid. The
carbonyl content was calculated from the absorbance at 360 nm.24
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2.8 Assay for Protein Ketone Content
The supernatafltS, from section 2.4 above were treated with 0.5 mL of 0.1% (wlv)
2,4-DNPH in 2.0 M HC1 and incubated for 30 mm at 30 °C followed by treatment with
2.0 mL of aqueous 1 M NaOH to determine if there was oxidized protein in the
supernataflt. The absorbance of the resulting solution was then measured at 427 mu on a
Beckman SpectrophotOmeter 650.25
2.9 Sodium Dodecyl Sulfate Poly Acrylamide Gel ElectrophoreSis
A resolving gel was prepared from 2.1 mL of distilled deionized H20, 1.5 mL of
30% acrlyaniide mix, 1.3 rnL of 1.5 M Tris (pH 8.8), 0.05 mL of 10% SDS, 0.05 mL of
10% animonium persulfate, and 0.005 mL of TEMED. The resolving gel was then
poured into the Bio-Rad Mini Protean Tetra Cell cassette until it was three quarters full.
The gel was allowed to polymerize for 30 to 45 mm before the stacking gel was added on
top of the resolving gel. Stacking gel was prepared from 2.1 mL of distilled deionized
H20, 0.5 mL 30% acrylamide mix, 0.38 rnL of 1.0 M Tris (pH 6.8), 0.03 mL of 10%
sodium dodecyl sulfate (SDS), 0.03 mL of 10% ammonium persulfate, and 0.0010 inL of
TEMED. The stacking gel was poured on top of the resolving gel in the space between
the spacers and allowed to polymerize for 30 to 45 mm’2’22
SDS gel loading buffer was prepared from 1 mL of 50 mM Tris~Cl (pH 6.8), 1.6
mL of 10% SDS, 0.8 mL of glycerol, 3.8 mL of distilled deionized H20, and 0.4 mL of
1% (wlv) bromopheflol blue in distilled deionized water.26 The SDS gel loading buffer
(50.0 ~tL) was added to 100.0 ~tL of the sample from section 3.4. Another 100.0 ~L of
the sample was treated with 100 ~tL of 10.0 mM 0f2,4-DNPH in 10% trifluoracetic acid.
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After incubation for 30 miii at room temperature, 50.0 p.L of 2 M Tris base/glycerol was
added.27 The treated samples were boiled for 3 mm and then loaded on to the gel.
The electrode running buffer was prepared from 9.0 g of Tris buffer, 43.2 g of
glycine, 3.0 g of SDS, and enough water to give a 600 mL of solution. This stock
solution was diluted 1 to 5 with distilled deionized H20 prior to use.~2’26’28 The first well
was loaded with 10.0 ~iL of the protein standard (Precision plus protein standard, 10-250
kD). The chamber was filled with the electrode buffer and then 30.0 iL of treated and
untreated samples were loaded into adjacent wells. Duplicate gels were run for 45 mm at
200 V. One gel was stained for 24 h with 0.25 g of coomassie brilliant blue R250 in 90.0
mL of methanol!H2O (1:1 v/v) and 10.0 mL of glacial acetic acid. After staining, the gel
was immersed in destaining solution prepared from 30.0 mL of methanol, 10.0 mL of
glacial acetic acid, and 60 mL of distilled deionized H20 for 24 h. The gel was stored in
distilled deionized H2O and 20% Glycerol. The other gel was used as described in the
following section.
2.10 Western Blotting
The second gel from section 3.9 was transferred to polyvinylidene fluoride
membrane (PVDF) using a semidry system.~~0~ Bookmark not defined. The membrane was cut
to the same dimensions as the gel and the membrane was soaked in 100% methanol until
the membrane was clear. The membrane was then placed in the transfer buffer until the
membrane submerged in the buffer. The transfer buffer was prepared from 200.0 mL
methanol, 3.03 g Tris base, 14.4 g of glycine, and diluted with distilled deionized H20 to
1.0 L, giving a pH 8.3 solution. Pre-cut filter papers and the fiber pads were then soaked
in the transfer buffer solution. A transfer sandwich was assembled with the platinum
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anode at the bottom. One pre-wet fiber pad and extra thick filter paper were followed
with pre-wet PVDF, the gel, another piece of pre-wet filter paper, and another fiber pad.
A pipette was rolled over the top to smooth out air bubbles. The top was secured with a
stainless steel cathode and a safety cover. The transfer was carried out overnight at 30 V.
A blocking solution was prepared with 2.5 g of non-fat dry milk and 50.0 mL of the
phosphate buffered saline Tween (PBS-T), which was prepared from 50.0 mL of PBS
(137 mmol NaC1, 2.7 mmol KC1, 10 mmol Na2PO4, 1.76 nimol KH2PO4, pH 7.4) and
500.0 ~iL of 0.1 % Tween in distilled deionized H20. The membrane was immersed in
the blocking solution for 1 h on an orbital shaker at room temperature. The membrane
was quickly washed twice with PBS-T, and then washed for a third time for 15 mm. The
membrane was incubated in 1 to 2000 primary antibody (anti DNP) with PBS overnight
in 2 to 8 °C. After the incubation, the membrane was briefly washed twice with PBS-T,
and then washed again for 15 mm with PBS-T. The washed membrane was incubated in
1 to 15,000 secondary antibody (Anti-Rabbit IgG) with PBS at room temperature for 2 h.
The membrane was then washed twice quickly and then for 15 mm with PBS-T.
Chemiluminescent detection was carried out by first mixing 1.0 mL each of solution 1
and solution 2 from an ECL detection kit. The excess buffer was washed off the
membrane with PBS-T and the membrane was placed on plastic wrap with the protein
side up. The detection solution was added to the protein side of the membrane. The
membrane was then incubated for 1 mm at room temperature without agitation. The
remaining detection reagent was drained off and the membrane was wrapped in plastic
wrap. The membrane was placed protein side up in a film cassette and taped down to
avoid sticking to the film. While in the dark Hyperfilm ECL autoradiography film was
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placed on top of the membrane and the cassette was closed and exposed to the film for 1
~j~12~29 The film was then process using Kodak M35A X-OMAT Processor. The
processor was turned on 20 miii before use to allow to warm up and to mix the developer
and the fixer. Chemiluminescent measurement was also performed by taking a picture of
the film with a Fuji Film LAS 3000. The software used was Image Reader LAS 3000.
CHAPTER 3
RESULTS AN]) DISCUSSION
3.1 Photocatalytic Inactivation of E. coil
3.1.1 Aqueous Sodium Chloride with Ti02 vs. Pure water with TiO2
The effect of chloride on Ti02 photocatalytic inactivation of E. coil has been
studied by Rincon and Pulgarin.’9 They concluded that the addition of inorganic ions
such as Cl (0.2 mmol/L) affected the sensitivity of bacteria to sunlight in the presence
and absence of Ti02. Abdullah et ai suggest that chloride blocks the photoactive site on
the surface of the catalyst, which then causes the inactivation of the catalyst towards
water adsorption. They also propose that the chloride anion (Cl) reduces the oxidation
rate by scavenging oxidizing radical species such as 0H and H02.2° Their study was
performed under a solar lamp with about 0.5% of the emitted photons under 300 nm and
7% between 300 and 400 nm. These researchers suggest that at higher pH there is an
increase in efficiency of target compound removal in the presence of chloride ion. In our
study we examined the affect ofNaC1 at pH 6.7 on photocatalytic activity of tiO2 onE.
coil deactivation.
We examined the photocatalytic inactivation E. coil K12, grown in aerobic
cultures, with 1.0 mg/mL Degussa P25 (P25) under 1JV light (365 nm) and 15 mM
aqueous NaC1. The bacterial suspensions were challenged with IJV light (365 urn) for 0,
15, 30, and 60 mm, samples collected serially diluted, plated, incubated and enumerated.
15
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In contrast to earlier work, our results showed that the chloride anion significantly
increased the photocatalytic inactivation of the E. coli with 1 mg/mL P25 15 mM NaC1.
Thus, indicating that pH and wavelength of light used play an important role in the
photocatalytic inactivation E. coli with Ti02. Since the presence of chloride drastically
enhances the photocatalytic inactivation of E. coli with Ti02 we were not able to monitor
the protein oxidationldegradation of occurring in such a short period of time. Thus, for
the rest of this study we only examined the E. coli inactivation and corresponding protein
degradation upon photocatalytic inactivation of Ti02 in H~O under these treatment
conditions.
The antibacterial activity of the NaC1!Ti02 was compared to aerobic cultures of E. coli
challenged with 1.0 mglmL of P25 in pure water. As shown in Table 1, there was a
100% loss of the cell viability in NaC1ITiO2 suspensions under IJV light after 15 mm.
Treatment of E. coli suspensions with 1.0 mg!mL P25 in 15 mM NaC1 solution in the
dark led to a 2 log reduction of the E. coli after 30 mm with no additional reduction at 1
h, see Table 1.
Table 1. Photocatalytic Inactivation of E. coli with Ti02 in 15 mM NaC1 and
Control Experiments.
15 mMNaC1, 15 mMNaCl, 15 mMNaC1, 15 mMNaCl,
365 mn/light 1.0 mg/mL P25, dark 1.0 mg/mL P25,
365 nmllight dark
0 4.2 x i0~ 4.2 x 4.2 x i0~ 4.2 x i0~
±6.5x106 ±6.5x106 ±6.5xl06 ±6.5x106
15mm 1.2x 10~ 0.0 1.4x 10~ 5.6x 106
±2.0x106 ±5.5x106 ±1.0x105
30mm 9.1x106 0.0 2.3x107 4.8x106
±3.0x106 ±3.5x106 ±7.5x105
60 min 2.2 x 106 0.0 1.3 x 8.5 x i0~
±2.OxlO5 ±1.0x107 ±6.6x105
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3.1.2 Oxidative Stress on E. coli K12 UnderP25 Photocatalytic Treatment
It has been reported that photocatalytic inactivation of E. coli with Ti02 involves
free and surface bound hydroxyl radicals as a major path and reactive oxygen species
~OS) such as O2 and H202.17”8 To access the oxidative damage on bacteria caused by
Ti02, a bacteria suspension (1.0 x 108 CFU/mL) in H20 was treated with (1.0 mg/mL) of
Ti02 under UV light. Several experimental set up was performed for each time interval
to make sure to harvest enough bacteria for protein extraction processing. Samples were
taken for CFU formation and protein extraction at each time interval. Table 2 shows the
survival rate of the bacteria for each experimental set up specific for each time interval.
Table 2 shows a significant cell viability loss by time when the bacteria was exposed to
Ti02 under UV light and there was complete loss of the viability after 2 h and 30 min.
However, there were no significant reductions of CFU when the bacteria was exposed to
Ti02 in the dark which indicated the photocatalyic towards the bacteria activation.
Table 2. Survival Ratio of E. coli (N/No).
~
365nmlLight 1.0 mg/mL in the dark 1.0 mg/mL
P25, P25,inthe
m~Tio
±l.0xl02 ±3.0x102 ±l.0x102 ±3.0x102
2h l.5x 108 9.5x10’ 2.9x 10~ 9.7x10’ 7.8x10’
±5.0xl03 ±2.0x105 ±5.0xl03 ±5.OxlO
2hl5min 7.Ox 108 l.2x10’ 4.5x105 l.1x10’ 9.4x10’
± 2.1 x 10’ ± 4.5 x i0~ ± 1.8 x 10’ ± 1.7 x l0’
2h 45mm 4.3 x l0~ 5.6 x 10’ 0.0 8.5 x 10’ 4.3 x 10~
±2.6x10’ ±8.5x10~ ±3.0x10’
3h 3.7 x 108 5.7 x 10’ 0.0 9.4 x 10’ 7.5 x 10’
±2.6x10’ ±1.0x102 ±3.0x102
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Our results showed that E. coli inactivation by Ti02 under UV light (365 nm) at a
concentration as high as 108 CFU/rnL took place after 2 h 30 mm. Maness eta! reported
that Ti02 (0.1 mg/mL) inactivation was not effective in removing all the bacteria at 1 ü~
concentration. However, when they increase the concentration of Ti02 to 0.5- 1.0
mg/mL there was a significant improvement.’8
3.2 Changes in Protein Content in E. coli Suspensions under PhotocatalYtic
Inactivation with P25
P25 is known to affect photocatalytic oxidation of organic compounds including
proteins.’3 To test the protein changes in E. coli exposed to Tio2 under long range UV
light, protein was extracted from the E. coli suspension that had been photocatalYtic
inactivated with P25 and at various time intervals and control samples to determine
protein destruction effected during the inactivation. The amount of the protein extracted
from the bacteria was measured using the DC protein assay kit (Bio-Rad), an improved
welI~documeflted Lowery assay. The Lowery method is a colorimetric assay for protein
based on the reduction of Folin reagent by the copper-treated protein and measurement of
the optical density of the resulting solution at 750 nm.12 A standard curve, Figure 1, was
constructed for the OD vs. concentration of Bovine Serum Albumin (BSA). The total
protein content of the E. coli suspension was determined after protein was extracted from
treated and untreated cells. The protein was extracted by first centrifuging the pellet from
the supernatant for 40 mm at 6,100 rpm. Lysis buffer, 100 ~L, with PMSF, 100 ~tg/mL,
was added to the pellet and put on ice. The pellet was then sonicated 3 times for 10 s.
Table 2 shows the protein content of E. coli suspension after treatment with P25 in H20
solution under 1.JV light or in the dark. The total protein content of the control was
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compared to bacteria in H20/Tj02 test.
As stated in section 2.5, the amount of protein in E. coli (Table 4) was calculated
as follows:
= (protein, mg/mL)* (iiL loading buffer)
mg proteinlCFU (CFU/mL)*(total volume)
30
The unit is then converted from mg/cell of protein to glcell of protein.
Eq.2
Figure 1. CalibratiOn Curve for Protein Content Using a DC Protein Assay Kit with
BSA.
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Table 3. Protein Content at ifferent Time Interval Using DC Protein Assay Kit.
Bacteria H20, H20, H20, H20,




2h 1.5 x 108 0.232 ± 0.003 0.13 1 ± 0.261 ± 0.205 ±
0.006 0.014 0.015
2hl5min 7.0x108 0.263±0.014 0.141± 0.223± 0.165±
0.016 0.002 0.010
2h45min 4.3x108 0.128±0.010 0.075± 0.144± 0.115±
0.011 0.009 0.014
3h 3.7 x 108 0.152 ± 0.005 0.033 ~ 0.228 ± 0.143 ~
0.008 0.009 0.007
Table 4. Amount of Protein per Initial Number of E. coli at Different Time
Intervals.
~
365nm/ 1.Omg/mL thedark 1.Omg/mL
Light (gfbac) P25, 365 (g/bac) P25, in the
~~72104~
2h 1.5 x 108 1.55 x 1012 8.73 x i~-’~ 1.74 x 1012 1.37 x 1012
2h 15mm 7.0 x 1O8 3.76 x i~-’~ 2.01 x 10’s 3.19 x i~-’~ 2.36 x
2h 45mm 4.3 x 108 2.98 x i0’~ 1.74 x i~’~ 3.35 x 10’s 2.68 x
3h 3.7 x 108 4.12 x io’~ 8.92 x i~’~ 6.16 x i~’~ 3.87 x
The results in Table 4 show the amount of protein in E. coli when treated with Ti02
in IJV light, 365 nm, and in the dark. Akerlund et al reported on analysis of cell size in
E. coil.3’ After performing flow cytometry studies of E. coli, they observed the cell size
varied when the samples were collected at different ODs during the exponential growth
phase. They also concluded that an absolute cell size is not easily calculated from the
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light scatter signal. The relative cell size was approximately 100 arbitrary units at 255
mm. From our studies, we decided to use a formula that was taken from the amount of
protein content that was given from the spectrometer and times it by the amount of
loading buffer that was added to the pellet before SDS PAGE. That number was then
divided by the amount of the total volume of the test. This formula gave us the amount
of protein in E. coli.
Cox determined that there is approximately 1.00 - 1.55 x 1 (Y’~ g/cell of protein in
E. coli B/r.3° Our results compared to Cox showed that we have a little less amount of
cell protein at 5.25 x i~’~ g/cell of protein in E. coli K12. There was a decrease in the
amount of protein in E. coli when treated with Ti02 and UV light, 365 nm. In Table 4,
the protein content per bacteria cell was presented. When E. coli was challenged with
Ti02 under UV light, 365mn, it shows 1 order of magnitude loss in protein content per
cell as compared to treated and untreated cells in dark. However, there was a moderate
loss in protein content when the cells were exposed to UV light, 365 nm, without Ti02.
The results noted in Table 4 shows that about 10% of the protein in the cell was
consumed when treated with Ti02 and IJV light, 365 urn.
3.3 Determination of Oxidized Proteins after Ti02 Treatment
After the pellet was separated, a sample of the supernatant was tested for the
presence of soluble oxidized protein. The carbonyl groups of the protein was detected by
the reaction with 2,4-DNPH. The reagent contained 0.1 % (w/v) 2,4-
dintrophenythYdra~ine in 2 M HC1. DNPH is a marker that detects the carbonyl group in
proteins.’2’24 DNPH was used to qualitatively detect the carbonyl functionality of a
ketone or aldehyde functional group. This test indicated the reaction of the samples with
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2,4~dinitropheflY1hYth~m~ The reaction identified if there are any proteins that have
carbonyl contents of aldehyde or ketones.
The supernatant of each sample was tested with 2, 4- dinitrophenyl-hYdrazifie.
This test was done to detect if there are any soluble proteins that have carbonyl
functionality of a ketone and aldehyde in the supernatant. Figure 2 shows that H20/ Test
has the most carbonyl content with an optical density, O.D., of 0.47. Both H20/ Control






T/L T/D C/D C/L
Figure 2. 2,4~DNP11-Materia1 in Supernatant Carbonyl Content (TIL) Pure 1120,
1.0 mg/inL of Ti02 under BY light (365 nm), (TID) Pure 1120, 1.0 mg/niL of Ti02 in
the dark, (CID) Pure 1120 in the dark, (CIL) Pure H20 under UV light (365 nm).
Ketone assay using 2,4-DNPH is a semiquantitataive assay for ketones in the
solution. The test detects the aldehydes and ketones that are produced as a result of
oxidative stress caused by photocatalytic activity of Ti02. This result proved that there
0.05
0.5








were significant amount of oxidized proteins released in the supernataflt when the E. coli
cells were challenged with Ti02.
3.4 SDS PAGE
3.4.1 E. coli Untreated
Sodium dodecyl sulfate poly~acrylamide gel electrophoresis separates proteins
based on molecular weight. The SDS denatures secondary and non~disulfide4i~~ed
tertiary structures which cause the molecules to lose their native comformation. The SDS
binds to the main peptide chain which gives a ratio of one SDS anion for every two
amino acid residue of the protein. A negative charge to each protein is added to become
in proportion to its mass. This gives a uniform negative charge and a uniform mass
charge. From this the distance of migration through the gel will be associated to only the
size of the protein. To determine the optimum protein concentration for loading, two
different volumes, 20 and 30 ~tL, equal to 0.2 and 0.3 mg/mL were loaded on a 51)5 gel
(4-20 %). Figure 3 shows Escherichia coli alone with Lysis buffer. In lane 4,20 ~L of
E. coli was loaded into the well and in Lane 6,30 ~iL of E. coli was loaded into the well.
Based on this result the 0.2 mg/mL protein was chosen as the optimum concentration for
loading.
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Figure 3. OptimizatiOn of Loading Protein Content. Lane 4, 0.2 mglmL protein
loaded and Lane 6, 0.3 mg/mL.
.4.2 E. coli Samples without 2, 4~DinitrophenYlhYdrazi~
Figure 4 shows a gel with H20 under DV light (365 nm), lane 3, having five
significant bands around the different molecular weights of 15 kD, 25 kD, 35 kD, 46 kD,
and 70 kD. In lane 6, H20 in the dark, there were six significant bands around the
different molecular weights of 10 kD, 15 kD, 25 kD, 46 kD, 50 kD, 70 kD, and 78 kD.
Lane 7, H~O with 1.0 mglmL and in dark, has four significant bands around the different
molecular weights of 12 kD, 15 kD, 25 kD, and 42 kD. In lane 4, H20 with 1.0 mg/mL
and DV light (365 nm), there were not many significant bands that were visible with a lot
of antibacterial activity taken place on E. coli and damaging most proteins.
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Figure 4. Protein Electrophoresis of the Treated and Untreated E. coli. Lane 3 is
H20 under UV light. Lane 4 is 1120 with Ti02 under UV light. Lane 6 is 1120
without light. Lane 7 is 1120 with Ti02 without light.
3.4.3 2,4~DinitroPheflY1hYdr~1zme Derivatized E. coli Samples
Figure 5 is a picture of a SDS PAGE gel stained with Coomassie Brilliant Blue of
samples with 2,4~dinitrOPhe11YthYtharm~ Lane 3, H~O with IJV light (365 nm), showed
that with UV light as a stress condition alone that there were many bands at different
molecular weights that relates to proteins at 15 kD, 17 kD, 18 kD, 25 kD, 35 kD, 38 kD,
46 kD, 55 kD, and 70 kD. In Lane 7, H~O in the dark, it exhibited numerous bands that
correlated with proteins at 15 kD, 18 kD, 20 lcD, 25 kD, 35 kD, 38 kD, 46 kD, 70 lcD, and
78 kD. H20 with 1.0 mg/mL of Ti02 and in the dark, lane 9, has indicated molecular
weights that corresponds to proteins at 35 kD, and 38 lcD. Lane 5, H~O with 1.0 mg/mL
of Ti02 and IJV light (365 nm), showed a light band at 78 kD.
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Figure 5. DNPH Derivatized and Underivatized Protein. Lane 1 is Protein
Standard, 10 -250 kD. Lane 3 is 1120 under DV light. Lane 5 is 1120 with Ti02
under DV light. Lane 7 is H20 without light. Lane 9 is 1120 with Ti02 without light.
The gel showed bands that signified proteins that were identified in E. coli under
the different treatments. Western Blot was then performed on samples that were treated
with 2, 4-DNPH to identify specific proteins that have carbonyl groups such as aldehydes
and ketones.
3.5 Western Blot: Samples with 2, 4~DinitropheflYlhYdraZifle
Western Blotting is an analytical technique used to identify precise proteins in a
given sample of tissue homogenate or extract. Western blot assay can identify oxidized
proteins in a cell that shows oxidative modification. Figure 6 shows a picture of the
membrane of samples with dinitrophenythyth3~~m~ When the sample of H20 with 365
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nm of DV light was recognized by anti DNP iinmunoassay there were two more
detections of modified proteins: EF-G and ADH E. H20 in the dark with the recognition
of 2,4~dinitroPheflYl identified four proteins shown in Figure 6. Where E. coli was
induced with Ti02 (1,0 mg/niL) as a stress condition and acknowledged with 2,4-DNP, a
band with the molecular mass near the protein OPP A was identified. When Ti02 (1.0
mg/mL) with DV light, 365 nm, was a stress condition on E. coli, a band with the
molecular mass near that correlates with EF-G was the protein that was oxidized and
identified.
Lane I Lane3 Lane6 Lane7
EF-G—---’
OPP A—’
Figure 6. Western Blot Analysis with DNPH Derivatized Protein. Lane 1 is 1120
with Ti02 and in Dark. Lane 3 is H20 and in Dark. Lane 5 is 1120 with Tj02 under
1W Light. Lane 7 is 1120 under UV Light.
Oxidized proteins were detected by ~~i~2,4~dinitrophenyl antibodies using
western blotting analysis. Excessive protein carbonyls are a marker to measure oxidative
stress on the cells and has been used to measure the rate of oxidative stress.12 Tamarit et
al analyzed the protein oxidative damages and the main oxidatively damaged proteins of
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E. coli exposed to H202. ADH-E, EF-G, DNA K, OPP A, ENO, and OMP A were the
proteins that were detected of being oxidatively damaged after E. coli being induced with
H202. In our research, proteins with the molecular weight correspond to EF-G and OPP A
were oxidized extensively under Ti02 treatment which was similar to using H202 to apply
oxidative stress by Tamarit et aL’2
CHAPTER 4
CONCLUSION
The purpose of this research was to study the mechanism of photocatalytic
activity of Ti02 onE. coli under DV light (365 nm). Ti02 (1.0 mg/mL) treatment under
DV light, 365 nm, caused complete inactivation of E. coli cells after 2 h 30 mm. The test
proved that Ti02 is a good semiconductor for water disinfection.
The protein content per bacteria cell that are shown in Table 4 reveal that there
was a 1 log loss when E. coli was treated with Ti02 and DV light, 365 nrn, compared to
treated and untreated cells in dark. It also shows there was about 10% protein in bacteria
that was consumed when Ti02 and UV light, 365 nm was present. This study also
identified the major oxidatively damaged proteins in Escherichia coli treated with Ti02
and under DV light. Anti-DNP immunoassay showed that Ti02 with DV light caused
significant damage on the protein with molecular weight around Elongation Factor G,
EF-G, (78 kD). However when cells were exposed to Ti02 in the dark a distinctive band
with a molecular weight of 55 kD which corresponds with oligopeptide_binding
periplasmic protein (OPP A) appeared. Ti02 affect cells with different mechanism in the
dark and under DV light, 365 nm. Compared to what previous researchers have found
when using other oxidative stress, H202. Tamarit et al concluded that ADH E, EF-G,
DNA K, OPP A, ENO, and OlviP A were the proteins that were detected to have
oxidatively modified proteins when induced with H202.
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